Keywords:
Introduction
Sex determination is one of the most variable developmental processes in the animal kingdom. In mammals, sex is determined by the inheritance of a Y or an X chromosome from the father. One single gene on the Y chromosome, Sry, is necessary and normally sufficient to initiate testicular development (Berta et al., 1990; Jä ger et al., 1990; Koopman et al., 1991) . Sry induces a cascade of gene expression that regulates the differentiation of the bipotential genital ridges into testicular tissue. In the absence of Sry, or if SRY function is impaired, the genital ridges develop into ovaries. Subsequently, hormones produced by the testes and ovaries direct the differentiation of all secondary sexual characteristics (for review see (Wilhelm and Koopman, 2006 Sry encodes a SOX-type high mobility group (HMG) transcription factor thought to regulate transcription of downstream target genes. Recently, it has been shown that the expression of Sox9, encoding another HMG box transcription factor from the same family as SRY is directly regulated by SRY (Sekido and Lovell-Badge, 2008 ). Sox9 expression is upregulated immediately after Sry expression in the supporting cells of the developing testis and marks their differentiation into Sertoli cells (Sekido et al., 2004; Wilhelm et al., 2005) . Subsequently, Sox9 activates the expression a number of genes, such as Amh (encoding anti-Mü llerian hormone), Vnn-1 (encoding vanin-1), and Pgds (encoding prostaglandin-D-synthetase), that are known to be involved in testis differentiation (Arango et al., 1999; de Santa Barbara et al., 1998; Wilhelm et al., 2007; Wilson et al., 2005) . Like Sry, the activity of Sox9 is both necessary and sufficient to induce testis development in the genital ridges (Barrionuevo et al., 2006; Chaboissier et al., 2004; Foster et al., 1994; Vidal et al., 2001; Wagner et al., 1994 
, with the inbred C57BL/ 6 (B6) genetic background (Eicher et al., 1982) . The severity of the phenotype depends on the M. domesticus subspecies. all XY mice developing as females with two ovaries, or hermaphrodites with either two ovotestes or one ovary and one ovotestis (Eicher and Washburn, 2001; Eicher et al., 1982) . Each ovotestis consists of ovarian tissue at one or both poles of the gonad and testicular tissue in the centre. In contrast, Y AKR and Y RF/J chromosomes cause a delay in B6 mice testis cord formation that resolves by 15.5 dpc, whereas Y FVB and Y SJL chromosomes induce normal testis differentiation (Eicher and Washburn, 1986; Nagamine et al., 1987; Washburn and Eicher, 1983) . The B6-Y DOM phenomenon suggests that the mere presence of the Y chromosome, i.e., the Sry gene, is not always sufficient to induce normal testis differentiation. Therefore, a number of studies have addressed the possibility that Sry structure and/or expression might vary between M. domesticus Y chromosomes. DNA sequence analysis and RT-PCR expression studies of the various M. domesticus Sry genes did reveal genetic variants, but the differences found could not be correlated with the observed spectrum of gonadal phenotypes caused by the various Sry genes on a B6 genetic background (Albrecht et al., 2003; Lee and Taketo, 1994; Lee and Taketo, 2001; Nagamine et al., 1999; Palmer and Burgoyne, 1991; Taketo et al., 1991) . Recently, the possible contribution of timing defects to B6-Y POS sex reversal was studied using whole mount in situ hybridisation (Bullejos and Koopman, 2005) . Normally, Sry expression starts around 10.5 days post coitum (dpc) in the centre of the XY genital ridge, expands to the anterior and then posterior pole to reach a maximum at 11.5 dpc, before extinguishing in the same wave-like pattern centre to anterior pole and posterior pole (Albrecht B6 XY POS fetuses provide a powerful system in which to study the molecular basis of mammalian testis and ovary differentiation within the same gonad. Although gonads of 6-week-old B6 XY POS females contain follicles with germ cells, it is unknown whether normal ovarian differentiation was initiated within these gonads. In the present study we used immunohistochemical staining to identify the molecular events that are impaired in fetal B6 XY POS gonads. We found that even though SRY is expressed along the whole length of the genital ridge, SOX9 up-regulation and subsequent testis differentiation takes place only in the centre, confirming that a critical function of SRY is to induce SOX9 expression, and that SOX9, not SRY, is responsible for inducing Sertoli cell differentiation and thus orchestrating testis development. Furthermore, our findings indicate that an active pathway of ovarian development normally begins in the early fetal stage, and that ovotestis development in B6 XY POS mice is caused by a localized failure of testis-determining genes to completely suppress the competing ovarian pathway.
Results
The present study was based on B6 XY POS mice, representing the most severely affected class of B6-Y DOM sex reversal.
Most B6 XY POS fetuses generated in our breeding regime contained ovotestes, providing an opportunity to study the molecular basis of mammalian testis and ovary differentiation within the same gonad.
Morphology of developing B6 XY POS gonads
Before analysing in detail the molecular events of the development of B6 XY POS sex-reversed gonads, we performed histological studies using haematoxylin/eosin-stained sagittal sections of normal 14.5 dpc B6 XX, B6 XY, and B6 XY POS fetuses. As expected, B6 XY gonads contained testis cords comprised of clusters of germ cells (round cells with large nuclei and annular cytoplasm), surrounded by Sertoli cells (irregular-shaped cells interdigitating with germ cells and with nuclei concentrated towards the periphery of the cords) and a layer of peritubular myoid cells (flattened, smooth muscle-like cells surrounding the basement membrane of the cord) ( Fig. 1A and D) . In contrast, B6 XX ovaries were less organized histologically, but contained meiotic germ cells recognizable by their round shape and dark-staining chromosomal condensations ( Fig. 1C and G Under normal circumstances, SRY protein expression follows closely the expression of Sry mRNA starting in the centre of the genital ridge at around 10.75 dpc (12 tail somite [ts] stage), extending to the poles by 11.5 dpc (18 ts), before disappearing from the centre and the anterior pole, with the last cells remaining positive for SRY at 12.5 dpc at the posterior end (Wilhelm et al., 2005) . In B6 XY POS genital ridges, Sry transcription is initiated later than normal and reaches the poles shortly before 12.0 dpc (22 ts, (Bullejos and Koopman, 2005) . To examine if this mRNA is translated into functional protein throughout the gonads, we used an antibody specific for SRY protein (Wilhelm et al., 2005) and performed immunofluorescence on sagittal sections of B6 XX, B6 XY and B6 XY POS fetuses at 11.5 dpc. For comparison, different marker antibodies were used on consecutive sections of the same sample (Figs. 2-4) . At 11.5 dpc, SRY expression was observed at similar levels along the whole length of all B6 XY and B6 XY POS genital ridges ( Fig. 2A and D) . At 12.5 dpc, SRY protein was present in only a few cells throughout the B6 XY testis, mostly at the posterior pole (Fig. 2B ), whereas all (8 out of 8 investigated) B6 XY POS ovotestes retained more SRY-expressing cells (Fig. 2E ). Even at 13.5 dpc, SRY-positive cells were detected in 12 out of 12 B6 XY POS ovotestes (Fig. 2F ) and ovaries ( Fig. 2G-I) , a stage at which SRY expression is already completely down-regulated in B6 XY testes (Fig. 2C) . By 14.5 dpc, all 16 B6 XY POS gonads had completely extinguished SRY expression (data not shown). We conclude that not only the onset (Bullejos and Koopman, 2005) but also the entire program of SRY protein expression is delayed in B6 XY POS gonads relative to their B6 XY counterparts.
Expression of SOX9 is restricted in B6 XY POS gonads
The mechanism by which SRY expression is abruptly down-regulated at 12.5 dpc has not been established, but one hypothesis is that SOX9 is directly or indirectly responsible for repressing SRY expression. In support of this hypothesis, the timing of Sox9 up-regulation and Sry down-regulation are closely correlated, and XY gonads in mouse fetuses with a targeted deletion of Sox9 show persistent Sry expression ( SOX9 represses Sry expression, the observation that SRY is down-regulated in all regions of the B6 XY POS gonads requires that SOX9 is likewise expressed along the whole length of the these gonads.
To test this possibility, we examined the dynamics of SOX9 protein expression by immunofluorescence. In agreement with previous studies (Wilhelm et al., 2005) , SOX9 protein was first noted in Sertoli cell precursors in the centre/anterior pole of the B6 XY genital ridge at 11.5 dpc (Fig. 3A) . By 12.5 dpc, the first signs of testis cord formation are visible in the B6 XY testis; Sertoli cells expressing SOX9 were found to enclose E-cadherin (E-cad) positive germ cells (Fig. 3B ). Over Immunofluorescence of sagittal sections of a paraffin-embedded B6 XY POS fetus at 13.5 dpc to with antibodies specific for SRY (green, G), SOX9 (green, H) and FOXL2 (green, I) together with E-cadherin (red in all three panels), which is expressed in germ cells and in the mesonephric tubules of the mesonephros. FOXL2 is expressed along the whole length of the gonad, whereas no SOX9 expression was detected. SRY expression remains detectable at 13.5 dpc, a stage at which it is normally completely shut down. Pictures are oriented so that anterior pole is at the top. DAPI staining (blue) marks cell nuclei. Scale bar for all panels, 100 lm. Dotted lines encompass gonads.
the next two days, all SOX9-positive cells were incorporated into testis cords (Fig. 3C ) and the testis increased in size primarily due to an expansion of the interstitial region. The onset of SOX9 expression at 11.5 dpc in B6 XY POS genital ridges (n = 7) was similar to that noted in normal B6 XY genital ridges (Fig. 3D) . However, by 12.5 dpc, in contrast to the situation in B6 XY genital ridges, SOX9 protein expression in B6 XY POS genital ridges was either not up-regulated (n = 6) or was present in the centre but not at the poles (n = 8; Fig. 3E ). SOX9-positive cells in the central region assembled into testicular cords, enclosing only those germ cells resident in this region (Fig. 3F ). For better comparison of SRY and SOX9 expression in these samples, we performed two-colour immunofluorescence ( Fig. 3G-I ). This analysis clearly showed that although SRY was expressed throughout the whole length of the gonad, SOX9 was up-regulated only in the centre, and in some samples at the posterior (Fig. 3H ) or anterior pole. Polar tissue that did not express SOX9 appeared undif-11.5 dpc 12.5 dpc 13.5 dpc 
The ovarian program is activated at the poles
Although the partially sex-reversed gonads of B6 XY POS fetuses are referred to as ovotestes, no evidence exists that the presumptive ovarian regions at the poles have, in fact, embarked on a differentiation pathway characteristic of ovarian development at the stages described in this study, rather than merely remaining undifferentiated. For this reason, we investigated if and when the ovarian program is initiated in B6 XY POS ovotestes using an antibody specific for FOXL2, a member of the forkhead transcription factor family that is expressed in the undifferentiated ovarian granulosa cells (Schmidt et al., 2004) . These granulosa cells belong to the same supporting cell lineage that in testes gives rise to Sertoli cells (Albrecht and Eicher, 2001 ). In addition we performed in situ hybridization (ISH) for Rspo1, another ovarian-specific marker that has been shown to be crucial for female development (Chassot et al., 2008; Parma et al., 2006; Tomizuka et al., 2008) . Both markers displayed essentially the same expression pattern (Fig. 4 and Supplementary Fig. 1 ) and we focussed 11.5 dpc 12.5 dpc 13.5 dpc , and B6 XX (G-I) fetuses from 11.5 dpc to 13.5 dpc with antibodies specific for FOXL2
(green) and E-cadherin (red). FOXL2 is expressed in B6 XY POS gonads from 11.5 dpc until 13.5 dpc (D-F) in an area overlapping with SOX9 expression (E and F, compare with Fig. 3E and F) . No FOXL2 expression was detectable in B6 XY gonads (A-C), and strong expression was seen in B6 XX gonads from 11.5 dpc (G-I). Sections are adjacent to those shown in Figs. 2 and 3. DAPI staining (blue) marks cell nuclei. Pictures are oriented so that the anterior pole is at the top. Scale bar for all panels, 100 lm. Dotted lines encompass gonads.
on characterizing FOXL2 expression in more detail. As expected, FOXL2 protein was expressed in normal B6 XX gonads from 11.5 dpc onwards ( Fig. 4G-I ), but not in normal B6 XY gonads at any stage investigated (Fig. 4A-C) . In contrast, in B6 XY POS ovotestes, FOXL2 was detected from 11.5 dpc onwards. FOXL2 expression was present throughout all gonads that did not express SOX9 (Fig. 2H and I ). In contrast, FOXL2 was expressed predominantly at the poles in all 29 ovotestes investigated, demonstrating that the ovarian pathway indeed had been initiated (Fig. 4D-F) . Intriguingly, in 14 of 29 ovotestes, FOXL2 expression was not completely excluded from the centre of the genital ridge where the testicular program was active, as shown by SOX9 expression and testis cord formation (compare Figs. 3E, F, 4E, F and 5). Analysis of serial sections of ovotestes indicated that FOXL2 was expressed in interstitial regions between SOX9-positive testis cords (Fig. 5A) . To exclude the possibility that SOX9 and FOXL2 were expressed within the same cells, we performed double immunofluorescence for SOX9 and FOXL2 on the same section. No double-positive cells, which would appear yellow in the images, were detected in three independent samples (Fig. 5B ). The few cells in which we observed yellow staining were autofluorescent blood cells. We conclude that the testicular and ovarian developmental pathways can occur in the same region, but are mutually exclusive at a cellular level, confirming that individual support cell precursors initiate differentiation as either ovarian granulosa or testicular Sertoli cells (Albrecht and Eicher, 2001; Cocquet et al., 2002; Hersmus et al., 2008; Schmidt et al., 2004) .
SF1 is not the limiting factor
The failure of Sox9 up-regulation at the poles and the induction of the female program even though SRY is present could be due to a missing co-factor or partner protein in these regions. One factor that has recently been shown to be neces- sary for the induction of Sox9 expression together with SRY is steroidogenic factor 1 (SF1, (Sekido and Lovell-Badge, 2008) ).
To test if SF1 is the limiting factor, we performed IF on B6 XY POS embryos from 11.5 to 14.5 dpc. To confirm the activation of the female program at the poles, we used the antibody specific for FOXL2 on adjacent sections (Fig. 6E-H) . SF1 was strongly expressed throughout the genital ridge at 11.5 and 12.5 dpc (Fig. 6A and B) , ruling out SF1 as the limiting factor for SOX9 expression. Interestingly, SF1 expression was down-regulated thereafter in regions that had committed to the ovarian fate ( Fig. 6 C and D) .
Discussion
Ovotestes provide a unique opportunity to study two opposite differentiation pathways, testicular and ovarian, that are not normally observed together in the same developing gonad. B6-Y DOM sex reversal in mice in particular represents a tractable model for studying the interplay between these pathways because the frequency with which ovotestes can be experimentally generated is high (Eicher et al., 1982) , the spatial distribution of testicular and ovarian material in B6 XY DOM gonads is consistent (Eicher et al., 1982 (Eicher et al., , 1995 Nagamine et al., 1999) , and the root cause of the gonadal sex reversal is clearly identifiable as defective interaction of the B6 autosomal/X genes with the Mus domesticus poschiavinus allele of the gene that initiates the testis-determining pathway, Sry (Biddle and Nishioka, 1988; Eicher and Washburn, 1986; Eicher et al., 1982) . Our analysis of B6-XY POS ovotestes provides support for a number of conclusions derived from previous studies of the development of testes and ovaries in wild type mice, and the study of various transgenic and targeted gene knockout mouse lines. For example, our data confirm that levels of SRY expression are critical for SOX9 expression (Albrecht et al., 2003) , that Sox9 is epistatic to Sry and is therefore the key determinant of Sertoli cell fate and hence testis differentiation (Vidal et al., 2001) , that an active ovarian-determining pathway operates from an early stage in gonadal development (Eicher et al., 1996) , and that compromise of the testisdetermining pathway can tip the balance in favour of ovary development (Kim et al., 2006) . In addition, our analysis has yielded important new insights into the nature of the testis-and ovary-determination programs and their mutual antagonism. These are:
(1) SRY must act within a specific developmental window to activate Sox9;
11.5 dpc 12.5 dpc 13.5 dpc 14.5 dpc SF1 / E-Cad (2) Repression and extinction of Sry expression may not be due to Sox9 expression as previously thought; (3) Testicular and ovarian tissues can occupy the same spatial domain, disproving morphologically-derived paradigm that they are mutually exclusive; and (4) Individual cells express either SOX9 or FOXL2 but not both, suggesting that the ovarian pathway is actively suppressed in Sertoli cell precursors at or above the level of FOXL2 by the action of SOX9.
These findings are elaborated in more detail below.
3.1. Sry must reach a critical threshold within a defined window of competence to up-regulate Sox9 expression in supporting cells
B6 XY
POS sex-reversed mice represent a classic example of a phenotype resulting from the genetic incompatibility between genes required for initiating normal testicular development. In this case, the incompatibility is between the Sry carried by the M. d. poschiavinus Y chromosome (Sry POS ), and autosomal/X-linked genes carried by mice of the B6 inbred strain (Eicher et al., 1982) . A number of studies have aimed to identify structural, expression level, or expression timing idiosyncrasies correlating with the ability of Sry POS to elicit sex reversal in B6 XY POS mice (Albrecht et al., 2003; Taketo, 1994, 2001; Nagamine et al., 1999; Palmer and Burgoyne, 1991; Taketo et al., 1991) , culminating in the observation that Sry is expressed later than normal (Bullejos and Koopman, 2005) . However this story is by no means complete and the present study clarifies several remaining key questions. At the poles of B6 XY POS gonads, SRY is evidently expressed at robust levels equivalent to those found in the central region of these gonads. Our data indicate that SRY expression at the poles of B6 XY POS gonads occurs too late to activate Sox9 expression there, showing that a window of competence is required for supporting cells to respond to SRY. This conclusion is in agreement with recent data showing that experimental activation of an Sry transgene must be induced before 11.3 dpc in order to initiate testis differentiation (Hiramatsu et al., 2009 ). This window of competence is likely defined at the molecular level by the presence or activity of a partner protein or co-factor for SRY as suggested previously (Kidokoro et al., 2005) . Such factors are thought to be involved in the activity and target specificity of most, if not all, SOX proteins (Kamachi et al.,1999 (Kamachi et al., , 2000 Wilson and Koopman, 2002) , and we propose that SRY is typical of SOX transcription factors in this regard. Several possible partner proteins have been reported for SRY (Li et al., 2006; Matsuzawa-Watanabe et al., 2003; Oh et al., 2005; Poulat et al., 1997) but their expression profiles have not been studied in detail and their requirement for SRY function has not been substantiated. One co-factor recently suggested to be important for Sox9 initiation by SRY is SF1 (Sekido and Lovell-Badge, 2008) . However, SF1 expression is present at the poles of B6 XY POS gonads at 11.5 dpc, making it unlikely that SF1 is the limiting factor. Our present data therefore implicate other partner proteins in SRY's ability to up-regulate Sox9.
Another possibility is that FOXL2 represses Sox9 transcription. This hypothesis is based on the goat PIS model and the mouse Foxl2-/-in which the loss of Foxl2 results in the up-regulation of Sox9 (Ottolenghi et al., 2007) . The early expression of FOXL2 we observed at the poles of B6 XY POS gonads might inhibit the positive influence of SRY on Sox9 expression. Further experiments are needed to investigate this hypothesis on a molecular level. Are levels of SRY expression important for activating Sox9 transcription? Sex determination in XX and XY individuals involves a number of transcription factors that act in dosagesensitive pathways (Bardoni et al., 1994; Huang et al., 1999; Jordan et al., 2001; Kim et al., 2006) , so it would be reasonable to suggest that the ability of SRY to activate Sox9 transcription, whether directly or indirectly, relies on sufficient levels of SRY expression. Indeed, previous studies indicate that expression levels of SRY are critical for testis-determining function (Burgoyne et al., 2001; Capel et al., 1993; Nagamine et al., 1999; Sekido et al., 2004; Swain et al., 1998) . Our present study provides compelling evidence that levels of SRY expression are important for Sox9 activation. In the central region of B6 XY POS gonads, SRY is clearly expressed within the required temporal window to activate Sox9 transcription in a subset of supporting cells. However, other supporting cells instead activate the ovarian program of development, indicated by FOXL2 expression, implying that a threshold level of SRY activity is not reached in these cells. In other words, the central region of B6 XY POS gonads contains a mixture of supporting cells in which SRY is expressed above a certain threshold for Sox9 activation, and other supporting cells in which SRY threshold expression is not reached and the ovarian pathway is activated.
Down-regulation of SRY expression
In mice, SRY is expressed in a short window of time encompassing only a few days before being abruptly downregulated at 12.5 dpc (Bullejos and Koopman, 2001; Sekido et al., 2004; Wilhelm et al., 2005) . The molecules responsible for SRY down-regulation have not been identified, but one hypothesis -indeed the only hypothesis put forward to dateis that SOX9 acts directly or indirectly to suppress Sry transcription. Two transgenic mouse models support this idea. First, XX transgenic mice that express a reporter gene consisting of the enhanced green fluorescence protein (EGFP) under the control of the Sry regulatory region continue to express EGFP beyond the normal time of when Sry is down-regulated, possibly because these mice do not express Sox9 in the genital ridge (Albrecht and Eicher, 2001) . Second, in XY mouse fetuses harbouring a null-mutation for Sox9, the expression of endogenous Sry is not down-regulated but persists until at least 13.5 dpc (Barrionuevo et al., 2006; Chaboissier et al., 2004) .
We found that SRYexpression occurs throughout the length of B6 XY POS gonads whereas SOX9 is up-regulated only in the central region. Despite this, SRY expression is down-regulated even in the regions where SOX9 is not expressed, although with some delay. One possible explanation is that down-regulation of SRY in B6 XY POS gonads occurs only at the protein level. However, in situ hybridisation studies of B6 XY POS ovotestes suggested that Sry mRNA also is down-regulated (data not shown). The latest stage at which Sry expression was studied in the Sox9-null mice was 13.5 dpc (Barrionuevo et al., 2006; Chaboissier et al., 2004) . We detected SRYexpression in 13.5 dpc ovotestes, in agreement with published data, but found that expression disappeared by 14.5 dpc. Further study of the Sox9-null mice at later stages is required to establish the dynamics of SRY down-regulation in these mouse models. However, our present data clearly indicate that either SOX9 expression is not responsible for repressing Sry or that other mechanisms, such as the induction of the female program, can cause down-regulation of Sry expression.
Antagonism and co-existence of testis and ovarian differentiation
The discovery of the B6-Y DOM sex reversal phenomenon focused the attention of geneticists on the concept of a molecular tussle between the testicular and ovarian pathways within the supporting cell precursor lineage of the fetal genital ridge (Eicher et al., 1982) . If the testis-determining gene is able to exert its influence, these cells will differentiate as Sertoli cells, testis cords will form, and testis development will ensue. An early explanation for B6-Y DOM sex reversal was posited in the timing mismatch hypothesis (Eicher and Washburn, 1986; Palmer and Burgoyne, 1991) . According to this hypothesis, activation of the Sry gene (then designated Tdy) carried on the M. d. poschiavinus Y chromosome occurs too late so that the testis-determining pathway would ''miss the boat'' and an ovary-determining program would proceed. This hypothesis has turned out to be correct in many respects. First, it predicts late action of Sry in B6 XY POS mice, which has been shown to be the case (Bullejos and Koopman, 2005) . Second, several autosomal loci corresponding to putative ovarian-determining genes have been mapped genetically in studies involving B6-Y POS sex reversal (Eicher et al., 1996) , supporting the concept of an active ovarian-determining pathway. Third, this hypothesis predicts that the ovarydetermining pathway is able to engage very early, long before morphological signs of ovary differentiation emerge. Several microarray expression profiling studies (Beverdam and Koopman, 2006; Jorgensen and Gao, 2005; Nef et al., 2005) indicate that ovarian genes are expressed as early as 11.5 dpc. Using double immunofluorescence of SOX9 with FOXL2 we found that the expression of SOX9 and FOXL2 is mutually exclusive at a cellular level as has been described for humans (Hersmus et al., 2008) 
Summary and conclusions
Careful study of the classic B6-Y POS sex reversal model has allowed us to confirm previous data and also draw several novel conclusions regarding the molecular and cellular control of sex determination. In particular it was possible to clarify the relationship between SRY and SOX9 expression, a relationship that previously has been difficult to disentangle, and the relationship between the testicular and ovarian pathways that compete in determining the fate of the supporting cell lineage and thus the fate of the gonads as ovaries or testes. The finding that testicular and ovarian-fated cells co-occupy the central region of B6 XY POS ovotestes provides impetus for further studies of this model system to determine in close detail the molecular antagonism between testicular and ovarian pathways. An important outcome of the present study is that both the timing and levels of Sry expression contribute to the phenomenon of B6-Y POS sex reversal, settling an issue that has exercised geneticists for the last 25 years. This in turn suggests that mutations, which affect either the timing or the level of SRY expression, but not the actual structure of the SRY protein, may be an important, hitherto unrecognised cause of human idiopathic XY gonadal dysgenesis.
Experimental procedures

Mice
Fetuses were collected from timed matings involving normal B6 females mated to B6 XY POS hermaphrodites, with noon of the day a mating plug was observed designated 0.5 days post coitum (dpc). For more accurate staging, the tail somite (ts) stage of the fetus was determined by counting the number of somites posterior to the hind limb, with 11.5 dpc corresponding to 18 ts, and 12.5 dpc to 30 ts. The presence of the Y chromosome was determined by using multiplex genotyping PCR assay on tissue lysate as described previously (Capel et al., 1999) . All husbandry and experimental procedures involving mice used in this research project were reviewed and approved by the Institutional Animal Care and Use Committee of The Jackson Laboratory.
Immunofluorescence
Fetuses were fixed in 4% paraformaldehyde in PBS at 4 C overnight, rinsed three times with PBTx (PBS containing 0.1% Triton X-100), dehydrated and embedded in paraffin. Section immunofluorescence of 7 lm paraffin sections was performed as described previously (Wilhelm et al., 2005) with the following antibodies: rabbit anti-SRY (1:100, Wilhelm et al., 2005) rabbit anti-SOX9 (1:300, Wilhelm et al., 2005) , rabbit anti-FOXL2 (1:500, (Cocquet et al., 2002) , rabbit anti-SF1 (1:1000, kind gift of Dr. Ken-Ichirou Morohashi, Okazaki, NIBB, Japan) and mouse anti-E-Cadherin (1:200, BD Biosciences). For double immunofluorescence, a sheep anti-mouse SOX9 antibody was raised against the same epitope as that raised in rabbit. All secondary antibodies (goat anti-rabbit Alexa Fluor 488, goat anti-rabbit Alexa Fluor 594, goat anti-mouse Alexa Fluor 488, goat anti-mouse Alexa Fluor 594 and goat antisheep Alexa Fluor 488) were obtained from Molecular Probes (Invitrogen) and used at 1:200 dilution.
Section in situ hybridization (ISH)
Section ISH was performed as described previously (Wilhelm et al., 2007) with probes for Rspo1 (Parma et al., 2006) and Scc (Yao et al., 2002) .
